List of Tables

Executive Summary
Task 1: CVD of Zinc Stannate Films and Other Buffer Layers
Amorphous silicon solar cells based on fluorine-doped zinc oxide superstrates have demonstrated currents about 10% larger than similar cells on commonly-used fluorine-doped tin oxide. However, lower fill factors had previously negated this advantage of zinc oxide. Three different buffer layers were placed between the zinc oxide and the amorphous silicon in efforts to improve the fill factors: 1) A new CVD process was developed for making zinc stannate films with various ratios of zinc to tin. While the fill factors were improved over those of zinc oxide, they still fell short of those for standard tin oxide by a few per cent. 2) Niobium-doped titanium dioxide is highly resistant to reduction by hydrogen plasma.
However, its fill factors were even lower that those without this buffer layer. 3) Cells with efficiency 10% higher than standard tin oxide were finally achieved by a proprietary buffer layer developed at BP Solar, while maintaining equal fill factors.
Task 2: CVD of Fluorine-doped Zinc Oxide Films
The CVD of highly transparent ZnO:F films was developed to provide better control of the surface roughness and the resulting haze and light trapping. Haze values of only 4% yielded optimal light trapping, with currents up to 10% higher than standard tin oxide. Variations on the growth conditions for a-Si, such as microcrystalline p-layers and hydrogen plasma pretreatments, did not produce the consistently high fill factors made with BP Solar's buffer layer. Larger than usual numbers of shunted cells were found among the cells made on ZnO:F. Reduction of these shunts remains a problem to be solved.
Task 3: CVD of Aluminum Oxide Films
Aluminum oxide-coated glass plates are used as substrates for deposition of fluorine-doped zinc oxide for three different reasons. 1) Use of an alumina layer between soda-lime glass and fluorine-doped zinc oxide films was found to provide a 10% reduction in their sheet resistance. Alumina is an outstanding barrier to diffusion of sodium. Thus it prevents contamination of the film by sodium, which traps and scatters the conduction electrons in the zinc oxide films. 2) Nucleation of fluorine-doped zinc oxide appears to be more uniform and consistent on alumina surfaces than on bare glass substrates. Thus it provides better control of roughness and the resultant haze that is needed for efficient light-trapping in amorphous silicon solar cells.
3) The transmission of light through the films is increased by a per cent or so because alumina has a refractive index intermediate between that of glass and zinc oxide. Two different liquid precursors were investigated for the CVD of alumina films: triethyldialuminum tri-sec-butoxide 1 and mixed aluminum betadiketonates. 2 Both of these precursors are now commercially available from Strem Chemical Company. Both precursors were used successfully to make amorphous aluminum oxide films used in this project.
Background, Approaches Taken and Summary of Results
This research was undertaken to increase the efficiency of thin-film solar cells based on amorphous silicon in the so-called superstrate structure (glass front surface/transparent electrically conductive oxide (TCO)/pin amorphous silicon/metal back electrode). The TCO layer has to meet many requirements: high optical transparency in the wavelength region from about 350 nm to 900 nm, low electrical sheet resistance, stability during handling and deposition of the subsequent layers and during use, a textured (rough) surface to enhance optical absorption of red and near-infrared light, and low-resistance electrical contact to the amorphous silicon player. Fluorine-doped tin oxide 3 has been the TCO used in most commercial superstrate amorphous silicon cells.
Fluorine-doped zinc oxide (ZnO:F) was later shown to be even more transparent than fluorinedoped tin oxide, 4 as well as being more resistant to the strongly reducing conditions encountered during the deposition of amorphous silicon. 5 Solar cells based on ZnO:F showed the expected higher currents, but the fill factors were lower than standard cells grown on tin oxide, resulting in no consistent improvement in efficiency. This problem was attributed to a higher electrical resistance between ZnO:F and silicon. 6 One approach to decreasing the electrical resistance between ZnO:F and silicon was to insert a buffer layer between them. It seemed possible that a zinc stannate composition might combine the best features of zinc oxide's stability with tin oxide's ability to form a low resistance contact to silicon. 7 Under Task 1 of this contract, a process was developed for the chemical vapor deposition (CVD) of zinc stannate with various zinc/tin ratios, and solar cells were grown on these layers. Another buffer layer that was investigated was titanium oxide, since it is also high resistant to reduction by hydrogen plasmas. Other proprietary buffer layers made at BP Solar were also investigated, leading finally to a buffer layer that succeeded in producing low resistance contact between silicon and ZnO:F, and cells with 10% higher efficiency than standard cells on tin oxide.
Another approach to reducing the contact resistance to ZnO:F was to modify the surfaces in contact. In Task 2, several such surface modifications were explored. Wet etching of the zinc oxide surface showed some promising results in reducing the contact resistance (perhaps by providing a clean surface), but the results were not reproducible. The wet etching also provides a ready means for controllably increasing the surface roughness to any desired level, to optimize the light-trapping. Previous work had indicated that microcrystalline p-layers could be deposited on ZnO without reduction, so solar cells with various microcystalline p-layers were made. Optimization of the p-layers did not, however, improve the efficiency of ZnO:F cells beyond those made on tin oxide.
The optical and electrical performance of TCO layers have been known to be adversely affected by diffusion of sodium from soda-lime glass substrates during the deposition of the TCO. Silicon dioxide is the barrier material most commonly used between tin oxide and glass. In Task 3, barriers to diffusion of sodium were investigated. CVD layers of aluminum oxide were found to be far better barriers to the diffusion of sodium. The sheet resistances of ZnO:F films were reduced by about 10% by putting an aluminum oxide film between ZnO:F and glass substrates.
Task 1: CVD of Zinc Stannate Films and Other Buffer Layers
Films of zinc stannate were deposited by CVD at atmospheric pressure from a solution of the precursors dibutyltin diacetylacetonate, Bu 2 Sn(acac) 2 , and zinc acetylacetonate, Zn(acac) 2 in di(ethylene glycol)methyl ether, CH 3 OCH 2 CH 2 OCH 2 CH 2 OH. The reactant gas mixture was prepared by placing such a solution in a syringe pump from which it was delivered at a steady rate of 3 -15 ml/hr into a Sonotek ultrasonic nozzle operated with 2.0 watts of power at 125 kHz. The resulting fog was entrained into a 5-10 L/min nitrogen gas stream preheated to 220-240 o C in order to vaporize the liquid droplets. The resulting gas mixture was then mixed in a T joint with a 0.25-1.5 L/min stream of preheated oxygen gas (also 220-240 o C) before reaching the inlet to the reactor. The substrates rested on a nickel plate that was electrically heated from below. The reactant gas mixture flowed over the substrate in a rectangular channel defined by another nickel plate held 1 cm above the substrate by thin nickel alloy (Hastelloy C) spacers that defined the sides of the gas flow channel. The substrate temperature was held at 400-550 By annealing films of different compositions at 500 o C in air for several hours, two different crystalline phases were observed by XRD -one of ZnSnO 3 , obtained by annealing a low-zinc content film, and one of spinel Zn 2 SnO 4 , obtained from a high-zinc content film. Annealing in air also served to remove any carbon impurity detectable by Rutherford backscattering (RBS).
A "zinc-rich" film was obtained using a 2:1 Zn:Sn molar ratio precursor solution, using conditions described below. The simulation of the RBS spectrum shown in Figure 2 was for a 2800 Å film of composition Zn 1.44 SnO 3.89 .
4 A "tin-rich" film was deposited using 1:1 Zn:Sn molar ratio precursor solution, using conditions described below. A simulation of the RBS spectrum shown in Figure 4 found it to be a 3950 Å film of composition ZnSn 3.13 C 2.66 O 8.75 . Rutherford backscattering spectra (RBS) were taken for a number of zinc stannate films in order to verify their composition. The ratio of zinc to tin was found to increase as the gas flowed over the substrate. In other words, the tin precursor is more reactive and preferentially deposits tin closer to the gas inlet, while the zinc precursor is less reactive and deposits more efficiently further along in the gas flow. Atomic ratio of zinc to tin This variation in composition makes it difficult to deposit zinc stannate films with homogeneous and uniform compositions using the present precursors and oxidizing deposition conditions. A less reactive tin precursor and/or a more reactive zinc precursor would be helpful in CVD of zinc stannate films with more uniform composition.
Zinc stannate films were eventually prepared with fairly uniform composition, low carbon content and low visible absorption. The best strategy that we have found for simultaneously achieving these properties is to deposit films at substrate temperatures around 400 o C with a carrier gas of pure nitrogen and no oxygen. These films have fairly uniform metal content, but high carbon content and high optical absorption. The films are then annealed at 400 o C in air to remove the carbon and eliminate the optical absorption.
This strategy was applied to make thin films of zinc stannate (100 to 400 Angstroms) as highresistivity (>100 ohm-cm) buffer layers over highly conductive ZnO:F/glass superstrates. These composite transparent conductors had sheet resistances between 5 and 10 ohms per square, and very small optical absorption (2-3 per cent).
These multilayer transparent conductors were sent to BP Solar, where pin amorphous silicon layers and back contacts were deposited. Control samples of fluorine-doped tin oxide (commercial from AFG) were included in each run. The results of 6 different runs showed that nearly the same average efficiencies and open circuit voltages were obtained with the zinc stannate/ZnO:F and the control tin oxide. The zinc stannate/ZnO:F cells showed 3% higher currents than the standard tin oxide, as was expected from the fact that they had higher transparency than the tin oxide. On the other hand, the fill factors of the zinc stannate/ZnO:F cells averaged 3% lower than the tin oxide cells. Detailed results are shown in Table 1 . The results, in Table 1 , of three runs growing single-junction a-Si solar cells on these superstrates show lower efficiencies than companion cells grown on standard SnO 2 :F. Although the currents were higher for the TiO 2 :Nb/ZnO:F samples, the fill factors and shunt resistances were much lower than standard cells. With the standard amorphous p-layer, the voltage was also lower. Use of a microcrystalline p-layer restores the voltage, but the efficiency is still lower than for the standard cells. We conclude that the use of TiO 2 :Nb as a high-resistance buffer layer on top of a TCO is not a promising approach, even though the material has good resistance to hydrogen plasma.
A third buffer layer was developed at BP Solar. It was deposited on the ZnO:F superstrates before deposition of the amorphous silicon solar cells. Solar cell parameters for some of these cells are given in tabular form in Table 3 , and for others in graphical form in Figure 7 . The results labeled "new" in Figure 7 include buffer layers on the ZnO:F, while the "standard" process omits the buffer layer on the ZnO:F. The ZnO:F cells with the new buffer layer show an average of 10% higher efficiency and short-circuit current (Jsc) than standard SnO 2 :F cells. The quantum efficiencies for blue light (440 nm and 500 nm) are consistently higher on ZnO:F than on SnO 2 :F. The quantum efficiencies for red light (700 nm) are only slightly improved, because most of these ZnO:F samples were smoother (lower than 4% haze) than is optimum for light trapping. At the same time, the new buffer layer preserves other parameters at values unchanged from standard SnO 2 :F cells: fill factors (FF), open circuit voltages (Voc), series resistances (Rs) and shunt resistances (Rsh).
Each of these runs included 36 solar cells made on the same 3" by 3" superstrate of transparent conductor. The number of shunted cells is still higher for cells on ZnO:F than on SnO 2 :F. This difficulty is not improved significantly by the presence of the buffer layer. Zinc acetylacetonate, an inexpensive and commercially available material was used successfully for depositing zinc oxide films. Extensive tests of several fluorine-containing materials as potential fluorine dopants, failed to increase the conductivity of zinc oxide films deposited from zinc acetylacetonate. Thus the tetramethylethylenediamine adduct of diethylzinc along with the effective fluorine dopant benzoyl fluoride, is still the best way to deposit highly conductive and transparent fluorine-doped zinc oxide. 10 In our first annual report, we showed that etching our ZnO:F samples in hydrochloric acid markedly improved the quality of the solar cells deposited on them. Repeated attempts to reproduce those results have failed. New samples of hydrochloric-acid etched ZnO:F films were sent to BP Solar, where tandem a-Si solar cells were deposited on these superstrates. Each deposition run had side-by side ZnO:F and SnO 2 :F (made by AFG) superstrates. The ZnO:F cells showed an average of 7% higher current, because of their higher optical transmission, as well as a 1% higher average open circuit voltage. However, the fill factors of the ZnO:F cell averaged about 6% lower, so the overall efficiencies of the ZnO:F cells were only slightly higher than the SnO 2 :F cells. Typical results for two runs are shown in Table 4 . Table 5 , made with only a µc-p layer and no a-p layer, were all shunted.
An electron microscopic study of the morphology of the etched zinc oxide samples was undertaken in order to try to identify the reason for the large number of shunts. As a base for comparison, Figure 8 shows a scanning electron microscope (SEM) picture of the normal textured surface of polycrystalline fluorine-doped zinc oxide as deposited by our CVD process. It shows crystallites with their points projecting from the surface. This texture provides excellent light-trapping. Many a-Si solar cells have been grown previously on similarly textured SnO 2 :F films without significant shunting problems. 14 A SEM of a fluorine-doped zinc oxide film etched in hydrochloric acid is shown in Figure 9 . It has many deep and narrow etch pits. If the step coverage of the amorphous silicon deposition is not good enough, then shunts may be produced through thin areas at these etch pits. However, etch pits cannot account for most of the shunts, since similar numbers of shunts have been found with non-etched ZnO:F superstrates.
Baking the ZnO:F films to remove adsorbed materials, such as water, prior to a-Si deposition did not reduce the number of shunts. Polishing the ZnO:F films with successively finer diamond powders has not reduced the numbers of shunts, either. The origin of the shunts remains a mystery.
Task 3: CVD of Aluminum Oxide Films
Aluminum oxide-coated glass plates are used as substrates for deposition of fluorine-doped zinc oxide for three different reasons:
1) Use of an alumina layer between soda-lime glass and fluorine-doped zinc oxide films was found to provide a 10% reduction in their sheet resistance. Alumina is an outstanding barrier to diffusion of sodium. Thus it prevents contamination of the film by sodium, which traps and scatters the conduction electrons in the zinc oxide films.
2) Nucleation of fluorine-doped zinc oxide appears to be more uniform and consistent on alumina surfaces than on bare glass substrates. Thus it provides better control of roughness and the resultant haze that is needed for efficient light-trapping in amorphous silicon solar cells.
3) The transmission of light through the films is increased by a per cent or so because alumina has a refractive index intermediate between that of glass and zinc oxide.
Two different liquid precursors were investigated for the CVD of alumina films: triethyldialuminum tri-sec-butoxide 1 and mixed aluminum betadiketonates. 2 Both of these precursors are now commercially available from Strem Chemical Company, Newburyport, MA. Both precursors were used successfully to make amorphous aluminum oxide films used in this project.
